THE INITIATION OF MITOCHONDRIAL BIOGENESIS in muscle during an exercise training program begins with the putative signals brought about by muscle contractions (20) . Within seconds of the onset of contractile activity, early signaling events within the contracting muscle [e.g., cytoplasmic Ca 2ϩ flux, ATP turnover, V O 2 , reactive oxygen species (ROS) production] initiate signaling cascades that can lead to the posttranslational modification of proteins such as protein phosphorylation or dephosphorylation (8, 17, 24, 35) , deacetylation, or ubiquitination (16, 44) . These modifications may augment the activity of protein kinases, which in turn phosphorylate downstream targets such as transcription factors or transcriptional coactivators (25, 38) . Evidence exists regarding the effect of exercise on the activation of kinases that could participate in chronic contractile activity-induced mitochondrial biogenesis (19) .
Muscle contractions elicit signal transduction via mitogenactivated protein kinase (MAPK) cascades that are involved in the regulation of gene expression directly through the phosphorylation of nuclear transcription factors or indirectly through the activation of downstream kinases (2, 32, 49) . MAPK signaling has been implicated in the Ca 2ϩ -evoked upregulation of cytochrome c expression (14) . Another protein that mediates contractile activity-induced mitochondrial biogenesis is AMP-activated protein kinase (AMPK). AMPK activity is increased in skeletal muscle with exercise (12, 34) and during chronic treatment with ␤-guanadinopropionic acid (␤-GPA; 5). ␤-GPA administration is associated with increased cytochrome c content, mitochondrial density, and DNA binding activity of nuclear respiratory factor-1, all part of the adaptive response induced by endurance exercise training. Furthermore, AMPK inactivation ablates ␤-GPA-induced mitochondrial biogenesis (51) . Although a role for the protein kinase Akt in muscle mitochondrial biogenesis has recently been defined (42, 43) , the involvement of Akt in mitochondrial adaptations to training is unknown. However, it may be important considering that acute muscle contraction regulates Akt activity (39) , and chronic contractile activity raises the total protein content of the kinase (15) . The function of contractile activity-induced Akt signaling in organelle biogenesis requires further study, particularly given the role of the kinase in the mitochondrially mediated apoptotic pathway (1, 45) .
Relatively little is known about the acute responsiveness of these kinase systems in exercise-trained or chronic contractile activity-adapted muscle. Previous reports have demonstrated that acute exercise-induced AMPK phosphorylation was either blunted (4, 21, 30, 34, 50) or similar (12) in the exercisetrained group compared with the sedentary group. Yu et al. (50) showed that MAPK signaling was also attenuated after training, whereas the phosphorylation of histone H3 was similar between trained and untrained subjects, and acetyl-CoA carboxylase (ACC) phosphorylation was higher in the trained group after exercise. Coffey and colleagues (9, 10) demonstrated that prior training history can alter acute signaling and gene expression responses to subsequent exercise bouts. Furthermore, previous results have demonstrated that the acute exercise-induced mRNA expression of hexokinase II, mitochondrial transcription factor A, peroxisome proliferator-activated receptor-␣ (PPAR␣), and calcineurin was attenuated in the trained limb relative to the untrained limb of human subjects (36) . However, data from the same investigation showed that transient expression of the transcriptional coactivator PPAR␥ coactivator-1␣ (PGC-1␣) was elevated in the trained leg compared with the untrained leg in response to exercise. Thus, the effect of training, which is sufficient to increase mitochondrial content, on kinase phosphorylation remains controversial. Therefore, the purpose of this study was to investigate the influence of skeletal muscle mitochondrial content on signaling kinase phosphorylation at rest as well as in response to acute contractile activity.
METHODS
In vivo chronic contractile activity protocol. All experiments were performed with the approval of the York University Animal Care Committee in accordance with the principles set by the Canadian Council of Animal Care. Male Sprague-Dawley rats (Charles River, St. Constant, QC, Canada) were housed individually and were given food and water ad libitum. The procedure as outlined previously (27) was followed for implantation of electrodes and chronic low-frequency electrical stimulation of animals. Briefly, rats were anesthetized with pentobarbital sodium (60 mg/kg), and under aseptic conditions, two stainless steel stimulating electrodes were sutured unilaterally, flanking the common peroneal nerve of the left hindlimb. Electrode wires were passed subcutaneously from the thigh to the base of the neck, where they were exteriorized and secured to an external stimulator unit fastened to the back of the animal with cloth athletic tape. Stimulation was adjusted at the time of electrode implantation to result in palpable contractions of the tibialis anterior (TA) and extensor digitorum longus (EDL) muscles. After a 1-wk recovery period, the TA and EDL muscles were chronically stimulated (10 Hz, 0.1 ms duration, 3 h/day) for 7 days. The contralateral limb was used as a nonchronically stimulated internal control in all animals.
In situ acute contractile activity procedure. Approximately 21 h after the last bout of chronic stimulation, one-half of the animals were prepared for an acute, in situ contraction protocol, essentially as described previously (28) . These animals were anesthetized, and the left common carotid artery was catheterized (PE-50) to monitor hemodynamic parameters with the use of a pressure transducer (model RS 3200; Gould, Cleveland, OH). Oxygen (100%) was provided to the animal throughout the procedure. The chronically stimulated as well as the contralateral control TA were exposed and prepared for in situ direct muscle stimulation. The distal tendon of each TA muscle was isolated, and a hooked pin was affixed to the tendon. The pin of one limb was attached to a strain gauge while the other leg was misted with saline and wrapped in plastic to prevent dehydration. Intramuscular stimulating electrodes were placed in the belly of the muscle parallel to the fibers. The temperature of the stimulated muscle was maintained at 37°C with heat lamps and was monitored continuously with a surface thermometer (YSI, Yellow Springs, OH). Acute stimulation (10 Hz, 0.1 ms duration) evoked contractions of the TA muscle for a duration of 15 min. Force and pressure signals were amplified and recorded on chart paper. Immediately upon the cessation of contractions, the TA muscle of the acutely stimulated limb was quickly removed. The deep, high-oxidative, red TA (RTA) and the superficial, low-oxidative, white TA (WTA) portions were freezeclamped with aluminum tongs precooled in liquid nitrogen and stored at Ϫ70°C. These muscle sections represent the most divergent mitochondrial oxidative capacities within skeletal muscle. The EDL muscle was also harvested at this time and preserved at Ϫ70°C for subsequent enzymatic analysis. Acute stimulation and sampling of the TA from the contralateral limb followed. Animals that were not acutely stimulated were anesthetized, and the TA and EDL muscles from the chronically stimulated and contralateral control limbs were sampled and preserved as indicated above. Animals were euthanized by exsanguination after a medial thoractomy. Figure 1 provides an additional description of the experimental design employed in this study.
Preparation of skeletal muscle tissue lysates and immunoblotting. Frozen RTA and WTA sections were pulverized to a fine powder with a stainless steel mortar that was cooled to the temperature of liquid nitrogen. The protein extraction was performed as described previously (28) . Proteins (50 g) extracted from the muscle homogenates were resolved by SDS-PAGE (10 -12% polyacrylamide) and subsequently electroblotted to nitrocellulose membranes (GE Healthcare, Baie D'Urfé, QC, Canada). After transfer, membranes were blocked (1 h) with 5% skim milk in 1ϫ TBS-T [Tris-buffered saline-Tween-20; 25 mM Tris ⅐ HCl (pH 7.5), 1 mM NaCl, and 0.1% Tween-20] solution, followed by overnight incubations at 4°C with phospho-p38 (1:750), or total Akt (1:1,000). All antibodies were purchased from New England Biolabs (Mississauga, ON, Canada). For overnight incubations, antibodies were diluted in 5% BSA/TBS-T, with the exception of phospho-p42/p44, which was suspended in 5% skim milk/TBS-T. After three 5-min washes with TBS-T, blots were incubated at room temperature (1 h), with the appropriate secondary antibody coupled to horseradish peroxidase. Blots were then washed again for 3 ϫ 5 min with TBS-T, followed by visualization with enhanced chemiluminescence. Hyperfilm ECL (Amersham) exposure time was optimized so that blot intensities were within the linear range of detection. Films were then scanned and analyzed by using SigmaScan Pro 5 software (Jandel Scientific, San Rafael, CA). All eight experimental conditions, including fiber types and chronic and acute contractile activity, were represented on each blot, which allowed for the direct comparison between treatments. Kinase activation status was determined as the ratio of the phosphorylated form of the protein compared with the total protein content for each sample. Cytochrome c oxidase activity. Cytochrome c oxidase (COX) enzyme activity is a well-established biochemical marker of mitochondrial content in skeletal muscle (20) . COX activity in RTA and WTA sections obtained from both hindlimbs was evaluated as described previously (28) . Enzyme activity was determined as the maximal rate of oxidation of fully reduced cytochrome c, measured by the change in absorbance at 550 nm in a Beckman DU-64 spectrophotometer.
Statistical analyses. The data were analyzed using paired and unpaired Student's t-tests and analysis of variance (ANOVA) procedures as appropriate. Bonferroni's post hoc test was used to test significant differences revealed by the ANOVA. Significance was accepted at P Ͻ 0.05. All data are reported as means Ϯ SE.
RESULTS
Skeletal muscle endurance performance and mitochondrial content after chronic contractile activity. Force output of the nonchronically stimulated (CON) TA fell to 29.3 Ϯ 2.1% of initial tension after 15 min of acute, 10-Hz stimulation ( Fig. 2A) . In contrast, the TA muscle from the chronically stimulated (STIM) limb exhibited significantly enhanced fatigue resistance by maintaining ϳ50% of initial tension Fig. 1 . Experimental design employed in the current study. All animals were subjected to in vivo unilateral chronic contractile activity of the tibialis anterior (TA) muscle. One-half of the animals were then exposed to acute in situ contractions of both the chronically stimulated and contralateral control limbs. The other group was not acutely stimulated. The TA muscles from all animals were sectioned and processed for subsequent analysis. RTA, red TA; WTA, white TA. after 1 min of stimulation. We then estimated mitochondrial content in the low-and high-oxidative fiber types of the TA by measuring COX activity (20) . COX enzyme activity was increased (P Ͻ 0.05) after STIM in both RTA (ϩ30%) and WTA (ϩ100%) muscles, with the relative increase being significantly greater in the low-oxidative WTA compared with the high-oxidative RTA (Fig. 2, B and C) .
Effect of contractile activity on AMPK␣ protein content and phosphorylation. We first assessed whether chronic exercise altered the expression of AMPK␣ protein content in low-and high-oxidative skeletal muscle fiber types. The protein expression of AMPK␣ (Fig. 3, A and B) was not affected by chronic stimulation (STIM). We observed a 1.3-fold higher (P Ͻ 0.05) AMPK␣ expression in the WTA compared with the RTA sectioned from the contralateral, nonchronically stimulated control (CON) muscle. We then sought to determine whether the basal phosphorylation status (i.e., the ratio of the phosphorylated form of the protein compared with the total protein content) of these proteins in resting muscle was altered after a period of chronic exercise-induced adaptation. Resting protein phosphorylation status of AMPK␣ was similar between the CON and STIM muscles in both the high-oxidative RTA and low-oxidative WTA sections (Fig. 3, C-E) . To observe the acute contraction-induced protein phosphorylation in low-and high-oxidative fiber types of exercise-adapted skeletal muscle, CON and STIM muscles were acutely stimulated in situ, and the phosphorylation status of AMPK␣ immediately after the cessation of contractions was determined. Acute stimulation increased AMPK␣ phosphorylation in RTA and WTA muscles isolated from the CON limb by 2.3-and 2.8-fold (P Ͻ 0.05), respectively, compared with resting levels (Fig. 3, C-E) . In the STIM leg, acute contractions led to 1.7-and 1.8-fold increases in AMPK␣ phosphorylation status in the low-and highoxidative fiber types, respectively. Acute contraction-induced AMPK␣ activation in the WTA STIM muscle was significantly attenuated (P Ͻ 0.05) compared with the WTA CON muscle, whereas a similar tendency (P ϭ 0.1) was apparent in the RTA muscles (Fig. 3F) . Thus, contraction-induced AMPK␣ phosphorylation was blunted in WTA muscle, in which the oxidative capacity had been enhanced.
Effect of contractile activity on p44 MAPK protein content and phosphorylation. The protein expression of p44 in both RTA and WTA muscles was 1.7-to 2-fold higher in the STIM limb compared with the CON leg (P Ͻ 0.05; Fig. 4, A and B) . In addition, p44 expression was significantly higher (ϩ30%) in the WTA compared with the RTA from the CON muscle. Basal p44 phosphorylation was similar in the RTA muscle from the CON and STIM limbs (Figs. 4, C-E) . In contrast, in WTA muscle, phosphorylation of p44 was 60% lower (P Ͻ 0.05) in the STIM relative to the CON limb. In the CON limb, acute stimulation was associated with significant 11.1-and 3.7-fold increases in p44 phosphorylation in the RTA and WTA muscles, respectively, over resting levels (Fig. 4, C-E) . This p44 phosphorylation elicited by acute contractile activity was significantly greater in the RTA compared with the WTA muscle (Fig. 4F) . In the STIM leg, contractions evoked 9.2-and 4.6-fold increases (P Ͻ 0.05) in p44 phosphorylation in the RTA and WTA, respectively. Thus, acute contraction-induced p44 phosphorylation was attenuated in the WTA muscles compared with the RTA muscles containing higher levels of COX activity.
Effect of contractile activity on p42 MAPK protein content and phosphorylation. p42 expression in the RTA was 1.3-fold higher in the STIM limb compared with the CON leg (P Ͻ 0.05; Fig. 5, A and B) . In contrast, p42 content in the WTA muscle was unchanged by chronic exercise. Furthermore, we observed a modest but significantly higher (ϩ20%) p42 expression in the WTA compared with the RTA sectioned from the CON muscle. Resting phosphorylation status of p42 was ϳ70% lower in the STIM compared with CON legs in both the RTA and WTA portions (P Ͻ 0.05; Fig. 5, C-E) . Acute stimulation induced significant 7.6-and 3.2-fold increases in p42 activation in the RTA and WTA muscles, respectively, from the CON limb (Fig. 5, C-E) . In the STIM leg, contractions augmented the phosphorylation of p42 by a significantly greater extent, evidenced by 12.9-and 4.6-fold increases over resting levels in the RTA and WTA muscles, respectively. Thus, contraction-induced p42 phosphorylation became greater as COX enzyme activity increased across fiber types and treatments (Fig. 5F) .
Effect of contractile activity on p38 MAPK protein content and phosphorylation. We observed a 1.3-fold greater p38 content in the WTA compared with the RTA sectioned from the CON muscle (P Ͻ 0.05; Fig. 6 A and B) . Phosphorylation status of p38 in resting muscle was significantly lower in the STIM compared with CON legs in both the RTA and WTA sections (Figs. 6, C-E) . Acute contractile activity of the CON limb resulted in significantly different 10.3-and 4.2-fold increases in p38 phosphorylation in the RTA and WTA muscles, respectively, whereas in the STIM leg, p38 phosphorylation was increased by 5.6-and 9.2-fold in the high-and lowoxidative fiber types (P Ͻ 0.05; Fig. 6, C-E) . The attenuation (P Ͻ 0.05) was exhibited in the high-oxidative RTA muscle only (Fig. 6F) . In contrast, in the low-oxidative WTA, p38 phosphorylation was greater after chronic contractile activity compared with the control leg.
Effect of contractile activity on Akt protein content and phosphorylation. Akt content in both RTA and WTA muscles was 1.3-to 1.7-fold higher in the STIM limb compared with the CON leg (P Ͻ 0.05; Fig. 7, A and B) . Basal Akt phosphorylation was similar in the RTA muscle from both limbs (Fig. 7,  C-E) . In WTA muscle, activation Akt was significantly lower (Ϫ60%) in the STIM relative to the CON limb. Acute stimulation significantly increased the phosphorylation status of the kinase in the CON leg 3.3-and 3.7-fold over resting levels in the RTA and WTA muscles, respectively (Fig. 7, C-E) . In the STIM limb, contractions increased phosphorylation 4.2-and 3.4-fold in the RTA and WTA muscles, respectively. The acute contraction-elicited increase in Akt phosphorylation was not influenced by fiber type or physical activity (Fig. 7F) .
Relationship between mitochondrial content and protein kinase phosphorylation in resting skeletal muscle. In an effort to describe the influence of mitochondria on protein kinase signaling, we investigated the relationship between COX activity and kinase phosphorylation in skeletal muscle with inherently low-and high-oxidative capacities as well as in chronically stimulated muscle with induced mitochondrial volumes. Mitochondrial content assessed by COX enzyme activity (Fig. 2B) was lowest in the WTA muscle from the CON limb. Relative to this tissue, COX activity was twofold higher in the WTA muscle from the STIM leg, 2.5-fold higher in the RTA muscle from the CON limb, and 3.1-fold greater in the RTA muscle isolated from the STIM leg. Thus, we plotted this progressive difference in COX activity against the resting kinase phosphorylation in each muscle expressed relative to the levels found in the low-oxidative WTA muscle from the CON limb (Fig. 8) . Resting p44, p42, and p38 MAPK phosphorylation became progressively, and significantly, lower as COX activity increased between fibers. The average activation level of the MAPKs in resting muscle fibers with the highest mitochondrial content (i.e., RTA STIM) was 87% lower (P Ͻ 0.05) than that in the fibers with the lowest mitochondrial volume (i.e., WTA CON). Furthermore, Akt phosphorylation was significantly lower in the RTA STIM muscle compared with the WTA CON muscle. In contrast, the level of COX activity did not influence resting AMPK␣ phosphorylation. 
DISCUSSION
Skeletal muscle is categorized into three classes of fibers on the basis of metabolic and contractile properties. Each of these muscle fiber types has varying steady-state mitochondrial contents that contribute to the intensity of their red appearance and their endurance capacity. In rodents, the fast-twitch red fibers have the highest mitochondrial content, followed by slowtwitch red and then fast-twitch white fibers (3) . Provided that these different muscle fibers are recruited, repeated bouts of exercise can induce increases in the mitochondrial content of all three muscle fiber types (3). We chose to investigate the deep red portion of the tibialis anterior muscle (RTA) and the superficial white portion (WTA) because they represent a broad 2.5-fold difference in skeletal muscle mitochondrial volumes. Furthermore, we used chronic, low-frequency, stimulation-induced contractile activity to induce mitochondrial content in the RTA and WTA muscles (26) . This treatment led to improved endurance performance and effectively extended the poles of the mitochondrial volume spectrum in the muscle to a 3.1-fold difference between the WTA CON and the RTA STIM muscles. This allowed a more comprehensive analysis of the effect of mitochondrial content on protein kinase signaling in skeletal muscle fiber types.
Acute contractile activity-evoked kinase phosphorylation has previously been demonstrated to be influenced by the mitochondrial content of the muscle (28, 29) . However, a relative dearth of information exists regarding the effect of training on kinase activation to subsequent bouts of physical activity. In this study, we have used kinase phosphorylation as an indirect indicator of enzyme activation. Previous research has demonstrated positive relationships between the level of kinase phosphorylation and the activity of the enzyme (39, 50) . For example, Yu et al. (50) showed similar acute exerciseinduced elevations in AMPK phosphorylation and AMPK␣2 activity, assessed by an in vitro kinase assay, in human skeletal muscle. Moreover, Sakamoto et al. (39) demonstrated concurrent contractile activity-evoked increases in Akt phosphorylation and activity as well as the augmented phosphorylation of GSK-3, a downstream target of Akt. Thus, the measurement of kinase phosphorylation is likely indicative of the activity of the enzyme.
The purpose of this study was to evaluate the influence of mitochondrial volume on kinase signaling at rest as well as in response to acute contractile activity. The significance of our work lies in the fact that mitochondria represent a focal point for numerous signaling cascades, including pathways involving ROS and kinase phosphorylation (19, 28, 29) . Here, we found that the extent of enzyme activation in skeletal muscle at rest was inversely related to mitochondrial content for several kinases, specifically p44, p42, and p38 MAPK. Furthermore, we discovered that, after acute contractile activity, kinase phosphorylation was elevated, but the extent of the increase was dependent on oxidative capacity and was specific for each kinase. Thus, our data further the concept (28, 29) that skeletal muscle mitochondrial content and oxidative capacity represent a salient feature of muscle phenotype that, in part, determines the phosphorylation of signaling proteins important to mitochondrial biogenesis. The selective attenuation of contractioninduced kinase phosphorylation in muscle with high mitochondrial content suggests that proteins within this intracellular environment are potentially less sensitive to upstream cytoplasmic (e.g., Ca 2ϩ flux, ATP turnover) as well as mitochondriaassociated signals (e.g., electron transport, V O 2 , ROS production) and likely require greater stimulation for activation to propagate their adaptive cues downstream. Alternatively, the reduced contractile activity-associated kinase phosphorylation could be a result of lower concentration of activator metabolites, since the same absolute contraction intensity is performed at a lower relative workload in the adapted muscle. However, this would not readily explain the inverse relationship between kinase phosphorylation and mitochondrial content in the resting state (Fig. 8) , nor would it account for the lower kinase activation evident in contacting muscle from old animals possessing a reduced mitochondrial content (29) . Thus, it is likely that multiple factors are responsible for the attenuated kinase phosphorylation in adapted muscle with an elevated oxidative capacity.
Our data show that the basal expression of kinases is higher in muscle with a lower mitochondrial content. This inverse relationship between the steady-state COX enzyme activity and kinase protein content in nonexercised skeletal muscle was evident for AMPK␣, p44, p42, and p38 MAPK expression in the WTA compared with the RTA muscle. A greater basal kinase enzyme concentration in fast-twitch WTA muscle may represent an attempt to maintain the necessary signaling apparatus for organelle biogenesis or other adaptations in a fiber type that is largely quiescent with respect to daily patterns of activity (18) . It is well established that low-oxidative, fasttwitch muscle possessing predominantly type IIb fibers exhibits nonsustained, phasic patterns of activity, which represent a weak stimulus for mitochondrial synthesis.
With the exception of AMPK␣ and Akt, basal kinase phosphorylation under resting conditions was inversely related to COX activity, being higher in white compared with red muscle (Fig. 8 and Table 1 ). This suggests that kinases in red muscle have a greater potential for fold activation in response to contractile activity. These findings are similar to our previous assessments of basal kinase phosphorylation between skeletal muscles with low and high mitochondrial content (28) . After a period of chronic contractile activity, basal kinase phosphorylation in resting muscle was reduced by 20 -70% for p44, p42, p38, and Akt compared with the contralateral, nonchronically stimulated control muscle ( Fig. 8 and Table 1 ). This suggests that mitochondrial concentration negatively influences the extent of MAPK and Akt activation in both high-and lowoxidative muscles. In addition, other characteristics unique to either red or white fibers, including ROS production, intracellular Ca 2ϩ concentration, and protein phosphatase activity in resting muscle, could also play a part in attenuating basal kinase phosphoylation following a period of contractile activity-induced adaptations (6, 7, 28) . In contrast, basal AMPK␣ phosphorylation was not influenced by increasing mitochondrial volumes. This may be due to the differential activity of upstream kinases for AMPK such as LKB1, transforming growth factor-␤-activated kinase-1, or Ca 2ϩ /calmodulin-dependent protein kinase kinase (47) .
The activation of kinase signaling in contracting skeletal muscle is a critical intermediary step in the adaptive phenotypic processes associated with chronic exercise, including metabolic remodeling and mitochondrial biogenesis. Our results also show a lower acute contraction-induced AMPK␣ phosphorylation in chronically stimulated, relative to control, muscle ( Fig. 3F and Table 1 ). We also observed an attenuated exercise-induced p38 phosphorylation in the chronically stimulated RTA muscle compared with the control (Fig. 6F and Table 1 ). Consistent with these findings, it has been demonstrated previously that chronic AMPK and p38 activation, via either training or 5-aminoimidazole-4-carboxamide-1-␤-D-ribofuranoside administration, resulted in blunted AMPK␣, p38, and ACC␤ phosphorylation in response to a subsequent bout of acute exercise (4, 30, 50) . This response may be due, in part, to the reduced activation of potential upstream kinases of AMPK and p38 (2, 47, 48) . In the case of AMPK, this could occur via a lesser production of activating metabolites in adapted muscle (13, 46) . For example, Dudley et al. (11) showed that the increase in free AMP levels with exercise is lower in skeletal muscle with a higher mitochondrial content. This is a consequence of muscle contractions that occur at the same absolute but lower relative intensity in a muscle with greater organelle volume. Our results, which indicate an attenuated phosphorylation of AMPK in chronically stimulated compared with control muscle (Fig. 3F ), suggest that the reduced level of this allosteric activator in the adapted muscle may also influence AMPK phosphorylation during contractile activity.
Muscle contraction represents a powerful stimulus for the rapid induction of adaptive gene expression (22, 31, 33) . The kinases that we investigated in the present study activate downstream transcription factors and coactivators known to increase gene expression. For example, phosphorylated AMPK stimulates nuclear respiratory factor-1 and PGC-1␣ activity (5, 23, 25) , both of which have important roles in the transcription of genes encoding mitochondrial proteins. p38 and Akt activation have been shown to phosphorylate the transcription factors activating transcription factor 2 (2) and forkhead transcription factor (40), respectively, whereas p42/p44 signaling results in enhanced nuclear factor of activated T cell-and activator protein-1-dependent gene expression (41) . Our findings suggest that the specific attenuation of AMPK and p38 MAPK in muscle with a high mitochondrial content, two critical signaling enzymes for mitochondrial adaptive plasticity (2, 5, 48, 51) , likely results in mitigated downstream nuclear DNA transcriptional responses. Consistent with this, Pilegaard et al. (36) demonstrated, that after a period of single-leg training, hexokinase II, calcineurin, PPAR␣, and mitochondrial transcription factor A mRNA were significantly elevated in response to acute exercise in the untrained leg but did not change in the trained leg. Clearly, more work is necessary to identify the specific downstream targets of the kinases assessed in this investigation in response to contractile activity.
It is important to note that whereas the relative level of contraction-evoked kinase phosphorylation was higher in the more oxidative muscles for some enzymes, such as p42 (Fig.  5F ), the absolute level of contraction-evoked kinase phosphorylation was greater for all kinases in the lower-oxidative tissues. In this respect, mitochondrial content does indeed appear to negatively correlate with the absolute level of kinase activation in both resting as well as contracting muscles. However, it should be acknowledged that chronic stimulation represents a powerful stimulus for organelle biogenesis as well as for the potential remodeling of the active myofibers with respect to Ca 2ϩ handling, fiber type transitions, and angiogenesis (26) . Our data do not preclude the possibility that these complementary phenotypic alterations may also affect the acute contraction-induced intracellular signaling response. Regardless of the mechanism, the higher kinase response observed in low-oxidative muscle may, in part, form the basis for the greater increases in enzyme activity during a standardized exercise stimulus in which both high-and low-oxidative muscle sections are recruited equally (Fig. 2 and Ref. 37) .
In summary, novel findings in the present study indicate the presence of an inverse relationship between mitochondrial volume and 1) the protein content of kinases important for mitochondrial biogenesis as well as 2) the basal level of kinase phosphorylation in resting muscle. Furthermore, the kinase phosphorylation response to exercise depends partially on the oxidative capacity of the fiber, evidenced by a greater absolute level of contraction-evoked kinase signaling in muscle with a lower mitochondrial content. Indeed, in absolute terms, enzyme phosphorylation after acute contractions was lower in the trained limb, suggesting that mitochondrial content negatively correlates with kinase phosphorylation in both resting as well as contracting muscles. Thus, mitochondrial content and oxidative capacity are determinants of the activation of signaling proteins important to muscle plasticity. The attenuation of kinase phosphorylation in muscle with high mitochondrial content suggests that these proteins may require a greater stimulus input for activation to propagate these cues downstream to evoke phenotypic adaptations.
